We report on the observation of optical activity of quantum wells resulting in the conversion of the light polarization state controlled by the light propagation direction. The polarization conversion is detected in reflection measurements. We show that a pure s-polarized light incident on a quantum well is reflected as an elliptically polarized wave. The signal is drastically enhanced in the vicinity of the light-hole exciton resonance. We show that the polarization conversion is caused by the spin-orbit splitting of the light hole states and the birefringence of the studied structure. The bulk inversion asymmetry constant β h ≈ 0.14 eVÅ is determined for the ground light hole subband in a 10 nm ZnSe/ZnMgSSe quantum well. Studies of polarization-sensitive optical effects allow creating optical devices and give access to fundamental properties of material systems. A very important effect intensively investigated and widely used in practice is a conversion of light polarization state [1, 2] . Examples are the rotation of a linear polarization plane and the transformation of a pure linearly or circularly polarized wave into an elliptically polarized light. A possibility for the polarization conversion exists in systems of sufficiently low spatial symmetry. For example, birefringent media effectively rotate light polarization plane and produce light helicity. Basic examples are half-and quarter-wave plates made of birefringent crystals widely used in both laboratories and in industry. Recently, polarization conversion has been observed in metamaterials [2-4], twisted photonic crystal fibers [5] and microcavities [6] . While metamaterials convert light polarization due to a special design of building blocks, semiconductor nanostructures are birefringent as-grown. The polarization conversion has been demonstrated in a number of experiments on quantum wells (QWs) [7] [8] [9] [10] [11] and quantum dots [12, 13] . The low symmetry of QWs can be caused by in-plane deformations [8] [9] [10] or by microscopic structure of interfaces [14, 15] , while the birefringence of self-assembled quantum dots appears due to their anisotropic shape [13] .
We report on the observation of optical activity of quantum wells resulting in the conversion of the light polarization state controlled by the light propagation direction. The polarization conversion is detected in reflection measurements. We show that a pure s-polarized light incident on a quantum well is reflected as an elliptically polarized wave. The signal is drastically enhanced in the vicinity of the light-hole exciton resonance. We show that the polarization conversion is caused by the spin-orbit splitting of the light hole states and the birefringence of the studied structure. The bulk inversion asymmetry constant β h ≈ 0.14 eVÅ is determined for the ground light hole subband in a 10 nm ZnSe/ZnMgSSe quantum well. Studies of polarization-sensitive optical effects allow creating optical devices and give access to fundamental properties of material systems. A very important effect intensively investigated and widely used in practice is a conversion of light polarization state [1, 2] . Examples are the rotation of a linear polarization plane and the transformation of a pure linearly or circularly polarized wave into an elliptically polarized light. A possibility for the polarization conversion exists in systems of sufficiently low spatial symmetry. For example, birefringent media effectively rotate light polarization plane and produce light helicity. Basic examples are half-and quarter-wave plates made of birefringent crystals widely used in both laboratories and in industry. Recently, polarization conversion has been observed in metamaterials [2] [3] [4] , twisted photonic crystal fibers [5] and microcavities [6] . While metamaterials convert light polarization due to a special design of building blocks, semiconductor nanostructures are birefringent as-grown. The polarization conversion has been demonstrated in a number of experiments on quantum wells (QWs) [7] [8] [9] [10] [11] and quantum dots [12, 13] . The low symmetry of QWs can be caused by in-plane deformations [8] [9] [10] or by microscopic structure of interfaces [14, 15] , while the birefringence of self-assembled quantum dots appears due to their anisotropic shape [13] .
Optical activity is an effect responsible for the polarization conversion controlled by the light propagation direction. It is present even in homogeneous systems whose point group symmetry belongs to a gyrotropic class, i.e. allows for a linear coupling between components of a vector and a pseudovector. Recently it has been shown that optical activity of metals is closely related to their band topology and Berry phase [16, 17] . Optical activity in the visible spectral range is useful to investigate in semiconductors where they are greatly enhanced in the vicinity of exciton resonances [18] . Optical activity of bulk gyrotropic semiconductors is well established [19, 20] . QWs grown of cubic semiconductors are gyrotropic: For the growth direction (001), point symmetry group of a QW is D 2d or C 2v depending on a presence of the structure inversion symmetry [21, 22] . Recent theoretical studies showed that QWs are optically active in both cases [23, 24] . However experimental detection of optical activity has not been reported so far for QWs.
In this work, we address the fundamental question: whether real QWs are optically active? We report on the observation and study of optical activity in QWs. We demonstrate a resonant enhancement of the polarization conversion in the vicinity of the light-hole exciton transition.
Before discussing the experimental results we address the basic physics of the optical activity and determine requirements to the experimental geometry. The optical activity induced polarization conversion can be conveniently described by an effective magnetic field B eff linear in the photon wavevector q. B eff affects polarization of the reflected light similarly to a real magnetic field in the magneto-optical Kerr effect. The effective magnetic field is nonzero due to bulk and structure inversion asymmetries of the QW [22, 25] . Effective magnetic field results in a variety of remarkable effects in exciton physics, mostly studied in double QWs [26] [27] [28] . Optical activity is caused by the part of B eff which has a nonzero projection on q, Fig. 1(a) . Therefore structure inversion asymmetry resulting in B eff ⊥ q [22] does not manifest itself in optical activity. Bulk and interface inversion asymmetries in the D 2d point group result in the effective magnetic field lying in the QW plane. Therefore optical activity can be observed only at oblique light incidence. Direction of B eff depends on the orientation of the photon wavevector in respect to crystallographic axes, Fig. 1(b) . The maximal value of the polarization conversion is achieved when the incidence plane contains one of cubic axes 100 .
In order to investigate optical activity, we measure light reflection from a QW [29] . This method has been used for investigations of optical activity of gyrotropic bulk semiconductors [19, 30] . Study of reflection allows detecting the optical activity of QWs in special experimental geometries [24] . In particular, an interaction of the QW with the electric field normal com- R e f l e c t a n c e ( % ) P h o t o n e n e r g y ( e V ) ponent E z is necessary. As a result, the optical activity is present for the light-hole excitons which have a dipole moment along the growth direction rather than for the heavy-hole excitons which are insensitive to z polarization. Therefore we choose ZnSe-based QWs where the light-hole exciton is easily observable [31] . Polarized spectra of exciton reflection were measured from single QW structures ZnSe/Zn 0.82 Mg 0.18 S 0.18 Se 0.82 . The samples were grown by molecular beam epitaxy on GaAs epitaxial buffer layers pseudomorphically to GaAs (100) substrates, Fig. 1(c) . The growth of ZnMgSSe barriers proceeded at 270
( d )
• C under the stoichiometric conditions corresponding to equivalent fluxes of the group VI and II elements [32] . The total structure thickness including barriers and the QW is 230 nm, which corresponds to 5λ/4 where λ is the light wavelength at the exciton frequency in ZnSe. This allows achieving almost complete compensation of reflections from the sample surface and the substrate leading to the pronounced increase of the relative exciton contribution to the reflection [33] .
We studied the dependencies of the reflected light polarization state on the incidence angle and on orientation of the the incidence plane relative to the crystallographic axes. The measurements were performed in a glass cylindrical cryostat which allows investigating reflection at arbitrary angles of incidence. The sample holder allowed us to rotate the sample around the normal by an angle up to 360 degrees. For measuring reflection spectra, we used a halogen lamp as a light source. The parallel light beam was formed by using lenses and slits. The light spot size exceeded the sample diameter by about two times. The light incident on the sample was linearly polarized perpendicular to the plane of incidence (s polarization). All six polarization components of the reflected light were measured. Namely, two circular intensities I σ± , two linear ones I s,p that correspond to s and p polarizations, and two linear components in the axes rotated by ±45
• relative to the plane of incidence,Ĩ 1,2 . The spectra were registered by using a 0.5 m monochromator and a CCD camera. We estimate the polarization degree measurements accuracy as 0.1 %. Polarization state of the reflected light was determined via the Stokes parameters:
The latter is related to the angle α in Fig. 1 (a) bỹ P lin = sin 2α. The reflection spectrum at oblique incidence of spolarized light is shown in Fig. 1(d) . Two clearly seen resonances are due to heavy-hole (X hh ) and light-hole (X lh ) excitons. The spectra do not change qualitatively at variation of the incidence angle θ. The exciton contribution to the reflectance is big enough owing to a minimum in the background reflection near the exciton frequencies [33] . Using the well-established procedure [34] , we determine the radiative and non-radiative dampings of the light-hole exciton from the reflection spectrum. They are found to be Γ 0 = 0.05 meV and Γ = 2.35 meV, respectively.
A presence of the optical activity results in an appearance of the p-polarized component as well as helicity in the reflected wave at incidence of purely s-polarized light, Fig. 1(a) . Therefore two Stokes parameters that are absent in the incident wave, P circ andP lin , are nonzero in the reflected light. These two values measured at reflection from our sample are presented in Fig. 2 . Resonant features at the X lh frequency are clearly seen in spectral dependencies of P circ andP lin , Fig. 2 • where it reaches ≈ 2.5 %. Our measurements show that the Stokes parameters of the reflected light depend on the incidence plane orientation. Figure 3 presents the measured dependence P circ (ϕ) where ϕ is an angle between the plane of incidence and the axis [100] . Absolute value of the signal is maximal when the incidence plane contains cubic axes [100], [010] . P circ changes its sign at rotation by 90
• and reduces to zero at q oriented along 110 directions. This behavior reflects the system symmetry and corre- sponds to the anisotropy of the effective magnetic field B eff , Fig. 1(b) .
While the explanation of the optical activity effects has been given in a qualitative way above, we resort now to a microscopic description based on the equations for the exciton dielectric polarization P in a QW. Near the light exciton resonance, the microscopic reason for the effective magnetic field resulting in the optical activity is the bulk inversion asymmetry induced spin-orbit interaction. It yields the linear in electron and light hole inplane momenta k e,h contributions to the single-particle Hamiltonians:
where σ i x,y are the Pauli matrices acting on the spin of the i th particle, x [100], y [010] are cubic axes, and the growth direction is z
[001]. At oblique incidence, the in-plane component of light wavevector is related to k e,h via q = k e + k h . The term H e mixes the electron states S ↑ and S ↓, and H h mixes the light hole states ↑ (X − iY )/ √ 6+ ↓ 2/3Z and ↓ (X + iY )/ √ 6+ ↑ 2/3Z, where S is the Bloch orbital in the conduction band, X, Y, Z are the Bloch orbitals in the valence band, and ↑, ↓ are the spinors ±1/2. As a result of this mixing, interband transitions are allowed in both in-plane and out-of-plane polarizations, which leads to the polarization conversion, i.e. optical activity. We stress that the effect is absent for the heavyhole excitons where the Bloch function has no Z orbital. The bulk inversion asymmetry results in q-linear terms in the equations for the exciton electric polarization [19, 35] :
Here E is the total electric field in the system, the real function Φ(z) is the wavefunction of the exciton size quantization at coinciding coordinates of electron and hole, ω 0 ⊥, and d ⊥, are the frequencies and the squared matrix elements of the light excitons with dipole moments oriented in the QW plane and along z, respectively (d /d ⊥ = 4). The exciton bulk inversion asymmetry constant is related to β e,h introduced in Eq. (2) by
where m e,h are the electron and the light hole in-plane effective masses. Solution of the Maxwell equations with the material relations (3), (4) between the polarization and electric field yields the amplitude E QW p of the p-polarized component reflected from the QW at incidence of s-polarized wave with the amplitude E 0s : E QW p = R β ps E 0s [33] . Here R β ps is the reflection coefficient describing the polarization conversion linear in the spin-orbit exciton constant β:
where θ 1 is the light propagation angle inside the structure, the radiative and nonradiative X lh linewidths Γ 0 and Γ were determined from the reflection spectrum, and ω ⊥, are the light exciton frequencies slightly different from ω 0 ⊥, due to a radiative renormalization [34, 36] . Equation (6) demonstrates that the polarization conversion is absent at normal incidence, and the amplitude E QW p increases as θ 2 at small θ. However, the experimental results demonstrate the polarization conversion at normal incidence as well. This effect is not related with the effective magnetic field, but indicates birefringence caused by low symmetry of the real QW under study. One of the reasons for the polarization conversion at normal light incidence may be deformations in the QW plane. We describe this effect introducing a mixing of the in-plane components of the exciton polarization which does not depend on the wavevector:
. (7) Here real and imaginary parts of δ describe, respectively, an energy splitting and a difference of dampings between the exciton states with dipole moments along [110] and [110] axes. Microscopically, the presence of δ is caused by an effect of in-plane deformations on a short-range exchange interaction in the exciton. A finite value of δ gives rise to the following contribution into the polarization conversion coefficient [33] 
The Stokes parameters Eq. (1) of the wave reflected from the whole studied structure are described by the complex reflection coefficient r ps relating the amplitudes of the incident s-and reflected p-polarized light as follows [33] P circ = 2Im(r ps /r ss ),P lin = 2Re(r ps /r ss ),
where r ss is the reflection coefficient for s-polarized light.
In the studied structure, the resonant signal in the polarization conversion is caused by the QW only. Therefore r ps is proportional to the reflection coefficient describing polarization conversion by the QW:
Here the function F (θ, ω) accounts for multiple reflections from the QW, the sample surface and the interface with the substrate [ Fig. 1(c) ] as well as a conversion of polarization at transmission through the QW [33] .
Comparison of the optical-activity and birefringence coefficients R β ps and R δ ps shows that they have drastically different dependencies on the incidence angle. In contrast to R β ps which is zero at normal incidence, R δ ps is independent of θ. This difference allows us to separate the contributions of optical activity and birefringence into the polarization conversion [33] . We have fitted both the spectral and incidence-angle dependencies of the Stokes parameters P circ andP lin by Eqs. (9), (10) . Figure 2 demonstrates that the developed theory describes all four dependencies very well. From the data at normal incidence we determine the birefringence parameter δ = (−0.11 i + 0.022) meV. A larger imaginary value of δ means that the birefringence of the studied structure is caused mainly by a 5 % difference in the non-radiative dampings Γ for the excitons with dipole moments along [110] and [110] directions rather that in their energy splitting. The best fit of the data at oblique incidence shown in Fig. 2 is achieved at the spin-orbit exciton constant β = 0.07 eVÅ.
The cos 2ϕ dependence of the Stokes parameters on the angle ϕ between the polarization plane of incident light and x axis is present in both R β ps and R δ ps . This angular dependence perfectly describes the circular polarization degree of the reflected light presented in Fig. 3 .
The value of the bulk inversion asymmetry constant β determined from our experiment is in a good agreement with theoretical estimates. The electron constant β e determined in Ref. [37] for similar QWs is an order of magnitude smaller than β but, as it follows from Refs. [38, 39] , the light-hole spin-orbit splitting exceeds by far the electronic one. The enhancement of β h is most dramatic in the QWs with close ground light-hole level lh1 and first excited heavy-hole level hh2. In the studied ZnSebased 10 nm wide QW, hh2 and lh1 levels are indeed close to each other. Therefore we conclude that the exciton constant is mainly determined by the lh1 constant via β ≈ β h m h /(m e + m h ), which yields β h ≈ 0.14 eVÅ. This value agrees with theoretical estimates [38, 39] .
To summarize, we observed optical activity of semiconductor QWs. The developed theory demonstrates that the polarization conversion is caused by spin-orbit interaction and by birefringence of the studied QW structure. The observed effect has a strongly resonant behavior in the vicinity of the light-exciton transition. Studying the polarization state of reflected light, we determined the exciton spin-orbit spitting in the QW.
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S1. Structure design and experimental details
In order to enhance a role of polarization conversion, we grow a structure of a special design. We choose a ZnSe/ZnMgSSe QW grown on a GaAs substrate. This allowed us to minimize the background reflection not related with the QW. Figure S1 shows the reflection signal in a wide frequency range. The spectrum has both minimum and maximum caused by interference of reflection from the sample surface and the interface with the substrate. Figure S1 demonstrates that the minimal and maximal values of the reflection signal are different by a factor of ∼ 10, and the light-hole exciton resonance is near the minimum of the background reflection. This allowed us to increase a relative contribution of the QW in the total reflection. R e f l e c t a n c e ( % ) FIG. S1. Reflectance spectrum in a wide frequency range.
In the studied structure, reflection from the substrate is important. Therefore we need to know the refraction index n sub of the GaAs substrate at the exciton frequency of ZnSe. We determine this value from the background reflectance. The maximal and minimal values of the background reflectance are determined by the ratio r 01 /r sub of the reflection coefficients from the interfaces air/ZnMgSeSe and ZnMgSeSe/GaAs, respectively, Fig. S2 . Neglecting multiple reflections and a dispersion of the refraction index, the ratio of the reflections in the minimum and in the maximum is given by From the experimental value of γ ≈ 0.3, Fig. S1 , and the refraction index n b = 2.45 [1] we obtain n sub = 4.6. This value is in agreement with the refraction index of GaAs in the studied frequency range [2] . We note that the sample being placed in the nitrogen vapor was fixed on the heat-conducting copper holder which was partially immersed in liquid nitrogen. This simplifies the analysis of the reflection depndence on the angle of incidence. The sample temperature was controlled by the position of the exciton line in the spectrum at 77 K.
S2. Polarization conversion coefficient
In order to derive the polarization conversion coefficient R ps in the vicinity of the light exciton resonance, we find the electric field space distribution from Eqs. (3), (4) of the main text. From Maxwell equations
and a relation between the electric induction, field and polarization
we get the following equation for E and P :
Here ε b = n 2 b is the background dielectric constant of the barrier and QW materials, and q = n b ω/c is the wavevector inside the sample. Hereafter we ignore a possible small difference in the background dielectric constants of QW and barrier materials. This equation can be rewritten in the integral form [3] :
Here E 0 is the amplitude of an incident wave, and we assume that the incidence plane is (xz), q z = q cos θ 1 , q = q sin θ 1 , where θ 1 is the light propagation angle in the barrier material: sin θ 1 = sin θ/n b . Substituting the electric field in this form into material Eqs. (3), (4) of the main text, we come to the closed equation system for the components of the vector P . The coordinate dependence is P (x, z) = CΦ(z)e iq x with a constant vector C. Here Φ(z) = Φ(−z) is the wavefunction of the exciton size quantization at coinciding coordinates of electron and hole (Φ is chosen to be real). Components of the vector C satisfy the following linear equation system:
Here ϕ is the angle between the plane of incidence and the axis [100],
being the dampings caused by nonradiative processes, and
Finding the vector C, we get from Eq. (S.6) the electric field in the whole space. At z → −∞, it has a form 12) and in the limit z → ∞ we have:
Here the reflection and transmission coefficients for s and p polarized light incident on the QW are given by
The reflection and transmission coefficients describing the polarization conversion are related by
In the first order in β, the polarization conversion reflection coefficient is given by
. Microscopically, we describe this effect by a difference ±δ between the complex eigenfrequencies for excitons with dipole moments oriented along these directions, see Eq. (7) of the main text. For a light wave incident in the (xz) plane, this leads to a coupled equations for the coefficients C x and C y :
Solution of this system linear in δ yields the conversion coefficient in the following form:
Taking in Eqs. (S.17) and (S.19) ω s ≈ ω p = ω ⊥ , Γ s ≈ Γ p ≈ Γ = Γ, we obtain Eqs. (6) and (8) of the main text.
S3. Reflection and transmission coefficients for the QW structure
The Stokes parameters of the reflected light are given by
(S.20) where E s,p are the components of the reflected wave. At incidence of s-polarized light with an amplitude E 0s , the reflected field components are E s = r ss E 0s , E p = r ps E 0s with |r ps | |r ss |. Therefore we have:
P circ = 2Im(r ps /r ss ),P lin = 2Re(r ps /r ss ). (S.21)
The coefficient r ss is the reflection coefficient from the whole structure, Fig. S2 Here ϕ 1,2 = q(L 1,2 + a/2) cos θ 1 are the phases for traveling from the interface barrier/air (barrier/substrate) to the QW center, and we introduce the Fresnel reflection and transmission coefficients at the interface between air and the structure, see Fig. S2 . Namely, for oblique incidence from air, we denote them as r i 01 , t i 01 , and at oblique incidence from the structure as r i 10 , t i 10 (i = s, p). The reflection coefficients at incidence from the barrier material on the substrate are denoted as r i sub . The polarization conversion reflection coefficient is a sum of four contributions shown in Fig. S3 :
Here multiple reflections from the QW and at the interfaces with air and with substrate ( Fig. S2 ) are taken into account as well as a conversion of polarization at transmission through the QW. We introduce (for i = s, p) the reflection coefficient being a sum of amplitudes for passing a "short" path (from the sample surface to the QW and back) and a "long" path (from the sample surface to the substrate and back): 25) and the amplitude for passing both "short" and "long" paths without polarization conversion: fringence contributions to the measured signal we used their different dependence on the incidence angle. Equations (6) and (8) of the main text show that R δ ps is independent of θ while R β ps monotonously increases with θ. However, the measured values of the Stokes parameters are also determined by the amplitude reflection coefficient r ss , see Eqs. (S.21), which also depends on θ. Despite the reflection coefficient of s polarized light from a single surface increases monotonously with θ, the angular dependence in our structure is more complicated due to the discussed above interference of reflections from the surface and the substrate. Figure S4 shows the back- R e f l e c t a n c e ( % )
I n c i d e n c e a n g l e ( d e g r e e s ) ground reflectance dependence on θ near the light-hole exciton resonance. It demonstrates that r ss is almost constant for θ < 35
• , and it raises monotonously for higher incidence angles. Therefore, the increase of the Stokes parameters at θ ≈ 35
• . . . 45
• seen in Figs. 2(c),(d) of the main text is caused solely by the contribution of optical activity.
